Summary. -Coxsackievirus group B and adenovirus receptor (CAR) is a major receptor for the adenovirus groups that has drawn overall attention over the past decade. Although this protein could potentially be used as an agent for the blocking of adenovirus infection, large-scale production of highly purified human CAR in eukaryotic expression system has not been reported. In the present study, we showed the construction of recombinant baculovirus highly-expressing the extracellular domain of human coxsackievirus-adenovirus receptor (exCAR) in High Five insect cells. The recombinant exCAR was recovered from the cell culture medium as a secreted soluble protein and purified by Ni-NTA affinity chromatography. The final yield of recombinant exCAR was about 8-10 mg/l of supernatant with the purity of 96.3%. Binding activity assay showed that the recombinant exCAR exhibited an intact ability of binding to the knob domain of the adenovirus type 5 fiber protein (Ad fiber knob) displayed by T7 phage. These results showed that the recombinant human exCAR produced in insect cells and purified by Ni-NTA chromatography retained its ability to bind to the Ad fiber knob and could potentially be used in therapy of adenovirus infection.
Introduction
Adenoviruses are double-stranded DNA viruses that are frequently associated with the acute respiratory diseases, gastroenteritis, ocular infections, and myocarditis in children and adults (Nemerow, 2000; Bowles et al., 2003) . Human adenoviruses occur in six species namely human adenovirus A, B, C, D, E, and F. Individual viruses within these species are distinguished by serotype (altogether 51 serotypes are recognized to date) (Leen and Rooney, 2005) . Depending on the infecting serotype, the adenoviruses may cause fatal infection by inducing a severe inflammation (Pham et al., 2003; Savon et al., 2008; Henquell et al., 2009) . Unfortunately, the adenoviruses infection can be managed only by treating symptoms and complications of the infection due to the lack of virus-specific therapy.
Previous studies showed that the adenovirus infection was dependent on the initial virus binding to the cell surface receptors and subsequent interaction with a v β integrins that facilitates internalization via receptor-mediated endocytosis (Nemerow, 2000) . There are several cellular receptors that were suggested to be involved in the attachment procedure: (1) CAR for adenovirus species A, C, D, E, and F, (2) CD46 for species B, (3) major histocompatibility complex class I a2 subunit for species C, and (4) sialic acid for the human adenovirus 37 (Boulanger, 1999; Arnberg et al., 2000; Carson, 2001; Gaggar et al., 2003) .
CAR is the major receptor for adenovirus serotypes. It is a transmembrane glycoprotein of 46 kDa that belongs to the immunoglobulin superfamily of cell surface molecules (Tomko et al., 1997; Schneider-Schaulies, 2000) . Human CAR gene is located on the chromosome 21q11.2 and composed of seven exons (Bowles et al., 1999) . The ORF encodes 365 aa comprising 19 aa signal peptide, 218 aa extracellular domain, 21 aa transmembrane domain, and 107 aa intracellular domain.
With the development of adenovirus infection therapy and adenovirus-based cancer gene therapy, much attention has been paid to the role and mechanism of receptors in the adenovirus infection especially the CAR (Zhang et al., 2008) . Recently, the receptor trap therapy has been demonstrated that may be used as a potential therapeutic agent using soluble viral receptors, which block the action of the intracellular entry of the virus (Lim et al., 2006) . Therefore, the production of soluble receptors is a prerequisite.
Human CAR has been expressed in Escherichia coli system as an insoluble protein (Wu et al., 2004; Zhang et al., 2009) . It was also expressed in the mammalian cell expression system, but the production seemed rather low (Lim et al., 2006) . To target adenovirus infection to the epidermal growth factor (EGF) receptor overexpressed cancer cells, the ectodomain of human CAR fused to EGF was also expressed successfully in the insect cells (Dmitriev et al., 2000) . However, a large-scale production of highly purified human exCAR has not been reported yet.
To investigate the feasibility for large-scale production of highly purified exCAR, we cloned the exCAR sequence into baculovirus DNA and produce human exCAR in a baculovirus-insect cell culture system. We optimized the expression of the exCAR protein in High Five cells and purified exCAR by Ni-NTA affinity chromatography. To estimate the binding capacity of the recombinant exCAR, ELISA of the binding of exCAR to T7-Ad fiber knob phage was performed. We found baculovirus-insect cell culture system is efficient for large-scale production of highly purified exCAR. We also showed that the recombinant exCAR retained its ability to bind to the Ad fiber knob displayed by T7 phage.
Materials and Methods
Cells. Sf9 cells were grown at 27°C in Grace΄s medium (Invitrogen) supplemented with 10% FCS. High Five cells were cultured at 27°C in Express-Five SFM medium (Invitrogen) supplemented with 2% FCS and 18 mmol/l glutamine.
Recombinant baculovirus. All procedures were performed according to the manufacturer's protocol (BaculoDirect™ Baculovirus Expression System, Invitrogen) unless otherwise stated. Cloning of the CAR sequence was accomplished by PCR amplification using the pcDNA3.1-CAR plasmid (a generous gift from prof. Qian Huang) as a template. Specific primers for cloning PCR products into a Gateway entry vector pENTR/D-TOPO were designed according to the directional cloning protocols (pENTR™ Directional TOPO® Cloning Kits, Invitrogen). This expression vector allowed the expression of gene products fused with his tag. Primers with sequences 5'-ACCATGGCGCTCCTGCTGTGCTT-3' (forward primer) and 5'-TCCAGCTTTATTTGAAGGAGGGACA-3' (reverse primer) were used to amplify region corresponding to the ectodomain of CAR protein (nts 1-711 corresponding to aa 1-237 of the CAR protein). After the PCR products were confirmed by sequencing, the TOPO cloning reaction was performed to generate an entry clone (pENTR/D-TOPO-exCAR).
The lambda recombination reaction (LR) was then performed according to the manufacturer΄s protocol to transfer the CAR gene from the entry clone to the BaculoDirect™ Linear DNA. For the production of recombinant baculoviruses, Sf9 cells (8 x 10 5 ) were cultured in six-well plate and transfected with baculovirus DNA (LR reaction) using Cellfectin® Reagent (Invitrogen). After transfection procedure, the cells were incubated in complete culture medium with 100 µmol/l ganciclovir (InvivoGen) at 27°C until cell lysis. Culture supernatants were collected as a viral stock. Viral DNA was extracted from the culture medium and analyzed by PCR with the polyhedrin forward primer 5ʹ-AAATGATAACCATCTCGC-3ʹ and V5 reverse Primer 5ʹ-ACCGAGGAGAGGGTTAGGGAT-3ʹ. Positive clones were analyzed for the protein expression in Sf9 cells. Recombinant baculoviruses were amplified for 4 rounds in Sf9 cells. Viral titers were determined by plaque assay according to the manufacturer´s protocol.
Production and purification of exCAR. In preliminary assays, Sf9 cells and the culture medium were collected on the 8th day after transfection. After centrifugation at 4,000 x g for 10 mins, the culture supernatants were collected and cell pellets were resuspended in the protein extraction reagent with protease inhibitor. The culture supernatants and whole cell lysates were analyzed by 12% SDS-PAGE and Western blot analysis.
To optimize the expression of the exCAR protein, High Five cells were infected with the recombinant baculovirus stock at different MOIs (0.5~10 PFU/cell). Culture supernatants were collected at 0, 24, 48, 96, and 120 hrs post infection (p.i.) and analyzed by 12% SDS-PAGE and Western blot analysis.
For purification of exCAR, the supernatants of High Five cells culture collected at 96 hrs p.i. were concentrated 5-to 10-fold by ultrafiltration and dialyzed against PBS. Recombinant exCAR protein was purified by the immobilized metal ion affinity chromatography on Ni-NTA-Sepharose (Novagen). Protein concentration was determined by Bradford protein assay with bovine gamma globulin as a standard (Zor and Selinger, 1996) . Purification fractions were analyzed by 12% SDS-PAGE and stained with CBB. The purity of exCAR was determined by the gel image analysis using the software of Bandscan, version 5.0.
Western blot analysis of exCAR. Protein samples were separated by 12% SDS-PAGE and electroblotted to a nitrocellulose membrane. The blots were incubated with blocking buffer (0.1% Tween 20 and 5% non-fat dry milk in PBS) for 2 hrs and then with the anti-CAR monoclonal antibody (MAb, Upstate) overnight. After washing, the blots were incubated with anti-mouse horse radish peroxidase (HRP)-conjugated antibody (Upstate) for 1 hr and treated with SuperSignal West Pico chemiluminescent substrate (Pierce) for 5 mins, exposed to X-ray film, and developed 5 mins later.
T7-Ad fiber knob phage. T7 phage was used to display Ad fiber knob protein. The knob domain was amplified using plasmid psfiber (a generous gift from prof. Qian Huang) as a template (forward primer: 5ʹ-CTGGTAAGGAGGTACCGATGGGTGCCATTACA GTAGGAAACAAAA-3ʹ, reverse primer: 5ʹ-CCCAAGCTTTTA TTCTTGGGCAATGTATGAAAAAGTG-3ʹ). A Gly-Ser link [(G3S)3 (G4S)5] sequence and a ribosome-binding site (RBS, 5ʹ-GGTAAGGAGGTACCG-3ʹ) downstream of the link were obtained by DNA synthesis, then annealed with the knob sequence and cloned into the pGEM-T-easy vector. The link-RBS-knob sequence was digested (EcoRI and HindIII, Takara) from pGEM-T-easy Knob and inserted into T7Select10-3b cloning vector (Novagen). The ligation mixture was packaged using the commercial packaging extracts (Novagen) and amplified using E. coli BLT5403 strains. The T7-knob phage was purified by 20% PEG in 0.4 mol/l NaCl precipitation and then suspended in TBS. The Ad fiber knob protein displayed by T7 phage was analyzed by a native gel electrophoresis and Western blot analysis. Anti-knob MAb was prepared as previously described (Wang et al., 2007) .
ELISA of binding of exCAR to T7-Ad fiber knob phage.
ELISA was performed to analyze the binding activity of recombinant exCAR to the Ad fiber knob. The 96-well ELISA plates were coated with 50 ng of purified recombinant exCAR. After blocking with blocking buffer, the ELISA plates were incubated with serially diluted T7-knob phage at 37°C for 1 hr, while T7 phage was used as a negative control. The plates were incubated with anti-T7 tag antibody (Novagen) for 1 hr and then with HRP-conjugated goat anti-mouse antibody for 1 hr.
After washing, the plates were patted dry. ABTS was added to the wells and plates were incubated at 37°C for 30 mins. The A 405 was taken with a microplate reader (Biorad).
Results

Production of exCAR
The extracellular domain of the human CAR protein (237 aa in length) was cloned into the BaculoDirect™ Linear DNA and determined by PCR analysis (data not shown). The recombinant baculovirus bearing the exCAR gene was obtained by recombination of the entry clone pENTR/D-TOPO-exCAR with a baculovirus genomic DNA in Sf9 cells.
After obtaining the recombinant viruses stock, we analyzed the expression of exCAR in Sf9 cells. Under the microscope, the recombinant virus-infected Sf9 cells typically displayed increased cell diameter and nuclei appeared to "fill" the cells (Fig. 1a) . The culture supernatants and the intracellular proteins were analyzed by 12% SDS-PAGE and Western blot analysis with a MAb specific to the human CAR protein. Protein exCAR was detected both in the culture supernatants and cell lysates as a band of approximately 33 kDa (Fig. 1b) .
To optimize the condition for soluble exCAR expression, High Five cells infected with baculovirus stock at the different MOI values(0.5~10)together with the time-course (0~120 hrs) expression of the recombinant exCAR protein in culture supernatants were analyzed by SDS-PAGE and Western blot analysis. High Five cells appeared to increase cell diameter and released from the flask surface after infection with the baculovirus at 24 hrs p.i. (Fig. 2a) . Afterwards, the cells stopped the growth at 48 hrs p.i. and started to lyse at 96 hrs p.i. The majority of cells appeared to be lysed at 120 hrs p.i. (Fig. 2a) . SDS-PAGE and Western blot analysis results (Fig. 2b and 2c) showed that the expression level of exCAR at the MOI of 1 was higher than that at MOI of 0.5. However, the expression levels of exCAR at MOI from 1 to 10 were almost equal. The best time to collect the culture supernatant was at 96 hrs p.i. (Fig. 2c) . At 120 hrs p.i., the production of the soluble exCAR appeared to decrease.
Purification of exCAR
Protein exCAR was purified from the culture supernatants using a Ni-NTA column. After purification, it was examined by SDS-PAGE (Fig. 3) . According to the analysis of the purified exCAR fractions, approximately 8-10 mg of exCAR with a purity of 96.3% can be obtained from 1 liter of the High Five cells culture supernatant.
Functional analysis of exCAR
The Ad fiber knob protein fused with T7 capsid 10B displayed by T7 phage was detected by anti-knob MAb. Both monomeric (63 kDa) and trimeric (189 kDa) form of the knob protein were produced (Fig. 4a) . ELISA clearly showed that the recombinant exCAR protein was efficiently bound to the T7-knob fusion protein (Fig. 4b) .
Discussion
Previous studies showed that the complete CAR ectodomain was insoluble when expressed in the bacteria system (Wu et al., 2004; Zhang et al., 2009) . The process of denaturation and renaturation of recombinant proteins was very cumbersome. Additionally, prokaryotic expression system failed to generate glycosylated CAR, what affected both the cell adhesion and adenovirus infection in unique way (Excoffon et al., 2007) . In this report, we describe the expression of recombinant extracellular domain of human CAR fused with his tag in the baculovirus-insect cell system. This eukaryotic system was able to carry out complex post-translational modifications. Generally, recombinant proteins produced in this system are correctly folded and glycosylated, what allows obtaining a soluble protein (Golden et al., 1998) .
The Sf9 cells have a higher transfection efficiency, but the High Five cells possess a more potent secretion apparatus (Wickham et al., 1992; Davis et al., 1993) . Thus, we optimized the condition for soluble exCAR expression in the High Five cells. No differences concerning the production of soluble exCAR were observed among cell cultures infected at different MOIs (from 1 to 10). These findings were consistent with previous reports (Yamaji et al., 1999) . In the baculovirus-insect cell culture system, cells for the production of recombinant proteins are generally cultured in serum-free medium. Often encountered problem is a proteolytic degradation of recombinant proteins by proteases derived from the virus-infected cells in serum-free medium (Martensen and Justesen, 2001; Yamaji et al., 2003) . Therefore, during the expression of soluble exCAR in High Five cells, we kept the concentration of 2% FCS in the cultivation medium. The presence of serum helped to protect recombinant protein from the proteolysis and had no adverse effect on its further purification. At 120 hrs p.i., the amount of soluble exCAR in culture supernatants appeared to decrease, what might be due to a higher amount of proteases released into the culture supernatant upon lysis of virus-infected cells.
Since the Ad fiber knob is shown to trimerize and has been successfully expressed on the capsid of phage λ, we employed the T7 phage system to display the Ad fiber knob protein (Fontana et al., 2003) . T7 phage display is an effec-tive method for the detection of protein-protein interactions (Ishi and Sugawara, 2008) . The BLT5403 strains produce the capsid 10A and T7Select10-3b vector expressed knob proteins fused to the capsid 10B, which allowing the assembly of phage particles displaying the knob protein in 5-15 copies per phage particle. This may facilitate the Ad fiber knob protein to form a trimer and to retain its natural binding activity. T7 phage provided the efficient expression of knob trimer on the capsid and the recombinant exCAR sustained its binding ability to the Ad fiber knob.
In conclusion, we performed recombinant baculovirus expression of the ectodomain of human CAR in insect cells with a high yield of purified protein (8-10 mg/l). Importantly, the recombinant exCAR maintained its binding activity to the Ad fiber knob. This feature could allow its application as a blocking agent in the initiation of adenovirus infection. In addition, recombinant adenoviral vectors are widely used for the gene therapy studies in vitro and in vivo for their high infection efficiency in a variety of cell types and tissues (Douglas et al., 1999; Koizumi et al., 2003) . Therefore, the recombinant exCAR could also be used as a tool for studying the tropism of a modified recombinant adenovirus in the gene therapy.
